High consumption of coffee has been suggested to reduce the risk of some late-onset diseases and death but also to contribute to the development of osteoporotic fractures. Results of previous fracture studies have been inconsistent, and a comprehensive study is needed. The longitudinal population-based Swedish Mammography Cohort, including 61,433 women born in 1914-1948, was followed up from 1987 through 2008. Coffee consumption was assessed with repeated food frequency questionnaires. During follow-up, 14,738 women experienced fracture of any type, and 3,871 had a hip fracture. In a subcohort (n = 5,022), bone density was measured and osteoporosis determined (n = 1,012). After multivariable adjustment, there was no evidence of a higher rate of any fracture (hazard ratio per 200 mL coffee = 0.99; 95% confidence interval: 0.98, 1.00) or hip fracture (hazard ratio per 200 mL coffee = 0.97, 95% confidence interval: 0.95, 1.00) with increasing coffee consumption. A high coffee intake (≥4 cups daily) versus a low intake (<1 cup daily) was associated with a 2%-4% lower bone density, depending on site (P < 0.001), but the odds ratio for osteoporosis was only 1.28 (95% confidence interval: 0.88, 1.87). Thus, high coffee consumption was associated with a small reduction in bone density that did not translate into an increased risk of fracture.
Coffee is widely consumed, especially in the United States and Europe. Health benefits associated with coffee consumption, including reduced risk of death, have recently been recognized (1) . Negative effects have also been suggested, such as an increased risk of hip fractures (2) . These fractures constitute a large and growing problem worldwide in both women and men, with a profound impact on quality of life (3) and mortality rate (4) . In the causation of osteoporosis and fractures, several dietary factors have been implicated, including the potential negative effects of caffeine-containing beverages (5) . High intakes of coffee and caffeine have been associated with increased risk of fractures in some observational studies of women (6) (7) (8) (9) (10) (11) , including our own (12) , but not in others (13) (14) (15) (16) (17) (18) (19) . In recent in vitro studies, it has been suggested that caffeine has direct or indirect deleterious effects on osteoblasts (20, 21) . Caffeine might contribute to loss of bone by increased urinary calcium excretion (22) and a decreased intestinal absorption efficiency of calcium (23) . In addition, some authors have noted that the association between high caffeine intake and low bone mineral density (BMD) is demonstrated only in women with a concomitant low calcium intake (24, 25) .
Because the conceivable effect of high coffee consumption on fracture risk and bone density is probably modest, large, long-term studies are needed. Sweden is one of the world's leading nations in terms of both coffee consumption per capita and osteoporotic fracture incidence (26, 27) . Furthermore, Sweden is well suited for population-based studies because of its renowned quality of official health registers and traceability of persons. The aim of the present study was to extend our first analysis, which was based on a subset of the Swedish Mammography Cohort (12) , to determine whether high coffee consumption is associated with risk of fractures. We have now used the whole cohort, a better case-ascertainment method, repeated assessment of coffee intake for better precision, and a longer follow-up period with more fracture and hip fracture cases. In addition, the association between coffee consumption and osteoporosis was investigated in the Swedish Mammography Cohort Clinical (SMCC).
MATERIALS AND METHODS

Study population
The Swedish Mammography Cohort was initiated in 1987-1990 (28) . At that time, all women (n = 90,303) who lived in the counties of Uppsala and Västmanland in central Sweden and had been born between 1914 and 1948 received an invitation by mail to participate in a mammography screening program. A food frequency questionnaire (FFQ) covering diet and lifestyle was enclosed with the invitation. The questionnaire was completed by 66,651 women (74%). A second, expanded questionnaire was sent in 1997 to all those who were still living in the study area. The response rate to the follow-up questionnaire was 70%. In the present fracture study, data for 61,433 participants at baseline and 38,984 at follow-up in 1997 were available for analysis.
The SMCC is a randomly selected subsample of the Swedish Mammography Cohort sample (28) of women living in the city of Uppsala. These women were invited to respond to a third questionnaire together with a clinical investigation that included dual-emission x-ray absorptiometry measurements between November 2003 and October 2009. A total of 5,022 women participated in the SMCC ( participation rate 65%). A flow chart describing the study sample is included (Figure 1 ). The regional ethics committees at Uppsala University, Uppsala, Sweden, and Karolinska Institutet, Stockholm, Sweden, approved the studies.
Dietary assessment
The 3 self-administered FFQs have been described previously (12, 28, 29) . Briefly, intakes of nutrients were estimated by multiplying the nutrient content (30) of age-specific portion sizes by the consumption frequency of each food item. Nutrient intakes were adjusted for total energy intake (1,700 kcal, which was the average intake in the study population) with the residual method (31) .
Coffee consumption was assessed in all 3 FFQs. In the baseline FFQ, the participants were asked how often, on average, during the previous 6 months they had consumed coffee, black tea, and other foods and beverages according to 8 predefined categories. In the second and third FFQs, the participants were asked open questions on how many cups of coffee they had been drinking per day or week during the previous year. According to a validation study, the correlation coefficient between coffee consumption in the first FFQ and the mean of four 1-week weighed food records was 0.6 (Alicja Wolk, Karolinska Institutet, unpublished data). Coffee consumption was categorized as <1, 1, 2-3, or ≥4 cups daily. One cup of coffee is estimated to contain on average 177 mL. We also calculated an approximate continuous variable for coffee by consecutive integers, each corresponding to a 200-mL increase of coffee intake. It should be noted that the consumption of decaffeinated coffee and tea was very low in Sweden (32).
Outcomes
Our main outcomes, clinical fractures of any type (International Classification of Diseases, 10th Revision, diagnosis codes S12, S22, S32, S42, S52, S62, S72, S82, or S92) and hip fractures (International Classification of Diseases, 10th Revision, codes S720, S721, or S722), were identified from the Swedish National Patient Registry (33) and from local hospital registers from the date of cohort entry in [1987] [1988] [1989] [1990] through December 31, 2008 . Individual matching of fractures to the study participants enabled complete fracture identification. Re-admissions from a previous fracture event were separated from incident fracture admissions by a previously validated and accurate method (34) . Fractures caused by high-energy trauma (approximately 1% of all fractures) were retained as outcomes in the analysis because the association between this type of fracture and BMD has a strength similar to that between low-energy trauma fractures and BMD (35) . Pathological fractures caused by malignant disease were not considered as an outcome.
Total body, proximal femur, and lumbar spine BMD (in g/cm 2 ) measured by dual-emission x-ray absorptiometry (Lunar Prodigy, GE Healthcare Lunar, Madison, Wisconsin) and osteoporosis were regarded as secondary outcomes in the SMCC subcohort. Osteoporosis was defined as a BMD 2.5 standard deviations or more below the mean of a young adult reference range (36) . The precision error for BMD, based on triple measurements in 15 subjects, was 0.8%-1.5% depending on site. The long-term precision coefficient of variation was less than 1%. We also studied potential associations between coffee consumption and fall frequency (at least 1 fall or at least 2 falls during the previous year) as reported in the SMCC questionnaire.
Comorbidity and lifestyle information
The Charlson weighted comorbidity index (37, 38) was calculated on the basis of diagnostic codes from the Swedish National Patient Registry, which includes diagnoses from 1963 onward. Lifestyle information was obtained from the questionnaires. All questionnaires included weight and height, parity, living conditions (categorized as living alone; yes or no), and educational level (<9 years, 9-12 years, >12 years, and other education, such as vocational). The second questionnaire and the third (SMCC) questionnaire also included information on postmenopausal estrogen therapy (ever use), cortisone use, supplementation with calcium and vitamin D, smoking habits (current, former, or never), and leisure-time physical activity during the past year (with 5 predefined levels, from 1 hour per week to >5 hours per week). In comparison with activity records and accelerometer data, physical activity data collected in the questionnaire from 1997 are valid (39) . 
Statistical analyses
We used survival analysis for the study of associations between coffee consumption and fracture risk. Time at risk for each participant was calculated from the date of the baseline questionnaire until the dates of first fracture at any site and first hip fracture, date of death, date of emigration, or the end of the study period (December 31, 2008), whichever came first. Time to second fracture (any or hip) was also analyzed. Age-adjusted failure curves set at age 70 years illustrate fracture incidence for each category of coffee intake. Cox proportional hazards models were used to estimate age-and multivariable-adjusted hazard ratios with 95% confidence intervals. The multivariable model included continuous variables of age, body mass index, height, total energy intake, consumption of alcohol, and dietary intakes of calcium, vitamin D, retinol, protein, phosphorous, and potassium; as well as calcium supplementation (yes or no), vitamin D supplementation (yes or no), tea consumption (number of cups per day), educational level (<9, 9-12, >12 years, or other), physical activity (5 categories), smoking status (never, former, or current), previous fractures before the study period (yes or no), Charlson comorbidity index (continuous, 1-16), living condition (living alone or not), cortisone use (yes or no), and hormone replacement therapy (yes or no).
Individuals with missing values for coffee consumption (1%) were considered nonconsumers and were categorized as consuming less than 1 cup of coffee per day (i.e., the reference category). We performed multiple imputations by using the Markov chain Monte Carlo method to construct baseline values for several potentially important covariates (smoking status, physical activity, supplementation with calcium and vitamin D, cortisone use, and hormone replacement therapy) that were not assessed at baseline. The values of these covariates were imputed for the women who did not participate in the 1997 questionnaire survey because of death or other causes (36%).
The proportionality assumption was verified with log-log plots and formally by use of Shoenfeld residuals. There was a tendency toward nonproportionality for the association Figure 1 . A flow chart describing the study samples in the Swedish Mammography Cohort (counties of Uppsala and Västmanland, Sweden, 1987 Sweden, -2008 ) and the 3 food frequency questionnaires (food frequency questionnaire 1, food frequency questionnaire 2, and food frequency questionnaire 3). Excluded were those with an erroneous personal identification number, a questionnaire that was not dated, erroneous dates of moving out of the study area or death, implausible energy intakes (±3 standard deviations from the mean value of the log-transformed reported energy intake), or a cancer diagnosis (except for nonmelanoma skin cancer and only before the baseline questionnaire). between coffee consumption and hip fracture. However, sensitivity analysis by logistic regression showed estimates similar to the Cox models, indicating no large violation of the proportionality assumption (results not shown). Coffee consumption and covariates assessed at more than 1 point in time, including the Charlson comorbidity index, were treated as time-updated variables to account for changes during follow-up.
Logistic regression was used to assess the associations between coffee consumption and the risk of falls and the risk of osteoporosis in the SMCC. We used a multivariable model (described above) modified by the addition of 2 variables: year of birth (replaced age) and current use of bisphoshphonates. We further calculated adjusted means of BMD for categories of coffee consumption by using a general linear model. In the SMCC, coffee consumption and other dietary variables in the model were based on cumulative averages (31) from the 3 dietary questionnaires. Information on the remaining variables was collected from the most recent questionnaire.
We investigated potential effect modification by calcium on our estimates by calculating the relative excess risk that was due to interaction (40) . Low calcium intake, defined as an intake less than 700 mg per day, has been found to be associated with an increased rate of fractures in our cohort (28) . Moreover, we investigated whether a low total serum 25-hydroxyvitamin D concentration (<50 nmol/L) according to the Institute of Medicine guidelines (41) modified the association between coffee intake and BMD. These analyses were also adjusted for season (January-March, April-June, JulySeptember, and October-December) to take into account the seasonal variation in serum 25-hydroxyvitamin D concentrations. All statistical analyses were performed in Stata, version 11, software (StataCorp LP, College Station, Texas).
RESULTS
Coffee and fracture risk
Descriptive characteristics of the cohorts are listed in Table 1 and in Appendix Table 1 . About 60% of the participants reported a daily consumption of 2-3 cups of coffee. During a median of 19.4 years of follow-up and a total of 1,051,278 person-years, 14,738 women (24% of the cohort) experienced a first fracture at any site. Included in the total number of first fractures were 3,871 fractures of the hip. Age-adjusted incidence proportions of fractures (any and hip fractures) during follow-up by each coffee consumption category are displayed in Figure 2 . After multivariable adjustment, there was no association between increasing coffee consumption and rate of any fracture (hazard ratio (HR) = 0.99; 95% confidence interval (CI): 0.98, 1.00) or hip fracture (HR = 0.97; 95% CI: 0.95, 1.00) per 200 mL of coffee (Table 2 ). Women consuming 4 or more cups per day had hazard ratios of 0.96 (95% CI: 0.90, 1.02) for any type of fracture and 0.88 (95% CI: 0.78, 1.00) for hip fracture, as compared with nonconsumers of coffee (<1 cup/day). We also examined associations with an even higher level of coffee consumption (based on the second FFQ). Compared with an intake level of less than 1 cup/day, consumption of 8 or more cups/day was not associated with a higher rate of any fracture (HR = 1.20; 95% CI: 0.82, 1.75) or of hip fracture (HR = 0.95; 95% CI: 0.80, 1.14).
We found no evidence of an interaction between coffee consumption and calcium intake on the risk of fracture. The relative excess risk due to the interaction between coffee consumption and calcium intake was 0.030 (95% CI: −0.103, 0.164) for any fracture and −0.040 (95% CI: −0.312, 0.232) for hip fracture. Coffee consumption was not associated with an increased rate of 2 fractures of any type (4,971 fractures; HR = 1.00; 95% CI: 0.97, 1.02) or of the hip (1,355 hip fractures; HR = 0.96; 95% CI: 0.91, 1.00).
Relation between coffee consumption and BMD
In the SMCC (n = 5,022), 20% (n = 1,012) of subjects were diagnosed as having osteoporosis. The adjusted odds ratio for osteoporosis per 200 mL of coffee per day was 1.06 (95% CI: 0.98, 1.15). When high consumers (≥4 cups) were compared with nonconsumers, the multivariable-adjusted odds ratio for osteoporosis was 1.28 (95% CI: 0.88, 1.87) ( Table 3) .
A high level of coffee consumption was associated with modestly lower BMD at all measured sites (Figure 3 ). Women consuming 4 or more cups versus less than 1 cup per day had an average of 4% (P < 0.001) lower BMD of the lumbar spine (difference = 0.048 g/cm 2 ; 95% CI: 0.047, 0.050) and 2% (P < 0.001) lower BMD of both the proximal femur (difference = 0.022 g/cm 2 ; 95% CI: 0.021, 0.023) and of the total body (difference = 0.018 g/cm 2 ; 95% CI: 0.017, 0.019). These differences were smaller among women with serum 25-hydroxyvitamin D levels lower than 50 nmol/L and larger among women with levels of 50 nmol/L or higher. Thus, the differences in BMD between women consuming 4 or more cups and those consuming less than 1 cup were 0.020 g/cm 
Coffee and low-energy falls
A large proportion (90%, n = 4,521) of the women in the SMCC answered questions on their history of low-energy falls. Of the 90%, 18% (n = 811) had experienced at least 1 fall and 8% (n = 382) at least 2 falls during the previous year. When women in the highest coffee consumption category (≥4 cups) were compared with those in the lowest category (<1 cup), the adjusted odds ratio was 0.98 (95% CI: 0.68, 1.41) for at least 1 fall in the previous year and 1.27 (95% CI: 0.75, 2.15) for at least 2 falls in the previous year.
DISCUSSION
In this large, prospective cohort study of middle-aged and older Swedish women, we did not observe an association between coffee consumption and fracture risk. Previous studies on consumption of coffee or intake of caffeine and fracture risk in women have shown discrepant results. Some demonstrate increased risk of fractures with high intakes (6-11), whereas others were unable to demonstrate such an association (13) (14) (15) (16) (17) (18) (19) . In contrast to our present results, we have previously observed an increased rate of osteoporotic fractures in women consuming at least 4 cups of coffee per day in a subset of the present cohort (12) . Limitations of our previous analysis, some of which were shared with other studies, were a shorter maximum follow-up time (13 vs. 21 years), a lower number of fracture cases, and, most importantly, incomplete case ascertainment (because we were able to identify only fractures that occurred in the county in which the study was performed) (12) . In the present study, we have complete case ascertainment by matching to nationwide inpatient and outpatient registers that include a large number of fractures. Furthermore, we previously were not able to adequately control for lifestyle habits and comorbidity, which could potentially influence the association, although adjustments in our present study did not confer major changes on the estimates.
In our prior analysis (12), we found that the higher risk of fracture with high coffee intake was concentrated in women with a modest calcium intake. This effect modification was not confirmed in the present analysis. In the SMCC we estimated the associations by vitamin D status. Unexpectedly, we found a somewhat stronger association between coffee intake and BMD among women with vitamin D values higher than 50 nmol/L. A low vitamin D level might reflect frailty (42) , and in the subgroup with low vitamin D values, the association between coffee consumption and bone density might have been overshadowed by factors related to frailty that more strongly influence BMD.
In the majority of studies investigating associations between coffee/caffeine consumption or intake and BMD in women, no association could be demonstrated (16, (43) (44) (45) (46) (47) (48) , whereas such associations have been observed in some studies (25, 49, 50) . Several explanations are possible for the absence of association in these studies, including small study size (16, (45) (46) (47) , low consumption of coffee (46, 47) , or lack of separate assessment of tea and coffee consumption (46, 48) . The small differences in BMD associated with coffee consumption in the present study do not seem to impact the risk of osteoporosis or incident fractures. Importantly, earlier research has shown that the influence of BMD, versus accidental fall-related factors (51), on fracture rate is more modest in the oldest-old than in young-old individuals. Theoretically, the small decrease in BMD associated with high coffee consumption might be counteracted by a reduced likelihood of hypotension (52, 53) and comorbidities (1, 54) , leading to a lower propensity for injurious falls. The net effect could therefore be no substantial excess risk of fracture. No association between coffee consumption and fall risk was observed in our study, but self-reported falls might not accurately reflect actual injurious falls (55) (56) (57) .
Strengths and limitations
Several strengths of the study deserve consideration. Because of the high incidence of fractures in our setting, together with a long follow-up, we were able to identify a large number of incident fractures with high accuracy and complete coverage. We were also able to study BMD as a secondary outcome in a large subcohort. The use of repeated FFQs is likely to have reduced measurement error in exposure information. A generally high consumption level in combination with considerable range in the consumption of coffee in this cohort constitutes an additional major strength. Finally, tea consumption is low in this cohort, which might be another advantage in that, for example, the flavonoid compounds in tea could have estrogenlike positive effects on bone (58) .
The study has some weaknesses that should be addressed. Although conclusions about causality cannot be drawn, the prospective design limits the potential for participants to provide selective information because of recall bias or changes in dietary habits due to the fracture event. It might not be possible to generalize the results to women of different ethnic origins or to men. The self-administered questionnaires did not include reference to the size of a cup of coffee, which could have led to misclassification because the volume of a cup can range from 150 to 250 mL (or even larger). Nevertheless, a validation study indicated that the reported coffee consumption seems to be a reasonable estimate of the exposure. Information on caffeinated soft drinks was not available. Consumption of soft drinks (any kind) was low, with 1.4% of the women consuming 1 can of soda or more each day. We did not exclude fractures that were due to high trauma because there are indications of a comparable increased risk of both low-and high-trauma fracture with decreasing bone density in the elderly (35) and because cause-of-injury coding can be inaccurate (59) . However, we were able to analyze time to a second fracture, which theoretically would be a better measure of osteoporotic fracture risk than a single fracture, but no increased risk of fracture was observed.
Although we were able to adjust our associations for several potential covariates, including comorbidities, there still could be residual confounding. Information on smoking and physical activity was available from only the second questionnaire, and data for these variables were imputed for the baseline investigation. However, imputation is less likely to introduce bias than is performance of complete-subject analysis (60), and our sensitivity analyses without time-updated covariates did not change our conclusions. Finally, a genetic variant of the vitamin D receptor might render carriers more susceptible to the effects of caffeine on bone (61) . Genetically determined differences in the metabolism of caffeine might also be of relevance in this context (62) , but genotyping was not done in the present study.
The lack of increased risk of fractures in our study, even among women consuming high amounts of coffee, is important. This ends a long-running debate about coffee as a potential risk factor for osteoporotic fractures, at least in women. 
